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Abstract Observations from a wintertime and summertime field campaign are used to assess the
relationship between black and brown carbon (BC and BrC, respectively) optical properties and particle
composition and coating state. The wintertime campaign, in Fresno, CA, was impacted by primary
emissions from residential wood burning, secondary organic and inorganic particle formation, and BC from
motor vehicles. Two major types of BrC were observed in wintertime. One occurred primarily at night—the
result of primary biomass burning emissions. The second was enhanced in daytime and strongly
associated with particulate nitrate and the occurrence of fog. The biomass-burning-derived BrC absorbed
more strongly than the nitrate-associated BrC but had a weaker wavelength dependence. The wintertime
BC-specific mass absorption coefficient (MACgc) exhibited limited dependence on the ensemble-average
coating-to-BC mass ratio (Reoatrac) at all wavelengths, even up to Regae.sc Of ~5. For the summertime
campaign, in Fontana, CA, BC dominated the light absorption, with negligible BrC contribution even after
substantial photochemical processing. The summertime MACgc exhibited limited dependence on Rcoat.re,
even up to ratios of >10. Based on the four classes of BC-containing particles identified by Lee et al. (2017,
https://doi.org/10.5194/acp-17-15055-2017) for the summertime measurements, the general lack of an
absorption enhancement can be partly—although not entirely—attributed to an unequal distribution of
coating materials between the BC-containing particle types. These observations demonstrate that in
relatively near-source environments, even those impacted by strong secondary aerosol production, the
ensemble-average, mixing-induced absorption enhancement for BC due to coatings can be quite small.

Plain Language Summary Particles in the atmosphere can scatter light, which has a cooling
effect, or absorb light, which can contribute to localized atmospheric warming. Black carbon is a highly
absorbing yet short-lived climate pollutant that when coated with other materials can in theory have
enhanced absorption. Organic compounds in particles can also absorb light, although tend to absorb less
strongly than black carbon. Absorbing organic compounds are collectively referred to as brown carbon. We
measured the composition and light absorption properties of atmospheric particles in wintertime Fresno,
CA, and summertime Fontana, CA. In Fresno, we found two types of brown carbon contributed significantly
to the overall light absorption by particles, in addition to absorption by black carbon. One of the brown
carbon aerosol types in Fresno was emitted during wood burning, and the other was produced from
chemical reactions in the atmosphere. In summertime Fontana, black carbon particles dominated the light
absorption, with little contribution from brown carbon. Overall, at both sites the coating of materials onto
black carbon particles had a limited impact on the absorption by black carbon, except to the extent that the
materials themselves were absorbing.
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1. Introduction

Light-absorbing aerosol particles influence climate through their ability to absorb solar and, to a lesser
extent, longwave radiation. Light absorption by particles contributes a substantial, positive radiative for-
cing (Bond et al., 2013; Ramanathan & Carmichael, 2008). However, the uncertainty in global and
regional radiative forcing by light-absorbing particles remains large. Two key light-absorbing particle
types are black carbon (BC; Lack et al., 2014) and light-absorbing organic carbon, commonly referred
to as brown carbon (BrC; Kirchstetter et al., 2004). BC absorbs strongly across the solar spectrum,
whereas the absorptivity of BrC falls off rapidly as wavelength increases (Andreae & Gelencser, 2006).

Light absorption by BC depends on the particle mixing state that is the extent to which the BC is
internally mixed with other materials, including BrC. Theoretically, when BC is internally mixed with
(i.e., coated by) nonabsorbing materials, the absorption by the BC is increased (Bond et al., 2006;
Fuller et al., 1999; Lack & Cappa, 2010). This mixing-induced enhancement, commonly (yet inaccu-
rately) referred to as the lensing-based absorption enhancement, has been observed in various laboratory
studies using controlled, typically monodisperse, BC sources (Cappa et al., 2012; Cross et al., 2010; Lack
et al., 2009; Metcalf et al., 2013; Peng et al., 2016; Schnaiter et al., 2005; Shiraiwa et al., 2010). The
mixing-induced absorption enhancement can be defined as E,ps = baps coat/Dabs e, Where bapg coat and
bapssc are the absorption coefficients for coated and uncoated BC, respectively. This definition implies
no contributions from other absorbing components (e.g., BrC), although it should be noted that the
observable E,,s can be influenced by absorbing components that are either internally or externally
mixed from BC. The observed magnitude of E,s in at least some of these studies has been reasonably
consistent with theoretical calculations performed using Mie theory that is extended to treat BC-
containing particles as having a core-shell morphology (Cappa et al., 2012). (We will refer to Mie theory
extended to treat coated spheres as extended Mie theory or core-shell Mie theory.) However, field stu-
dies have resulted in a variety of often contradictory results. Some studies have observed relatively large
E.ps, While others have not (Cappa et al., 2012; Healy et al., 2015; Knox et al., 2009; Krasowsky et al.,
2016; Lim et al., 2018; Liu, Aiken, et al., 2015; Liu et al., 2017; Zhang et al., 2018). Some of this varia-
bility is probably due to methodological differences related to the measurement of E,,s, while some is
likely due to uncharacterized differences in the particle mixing state (i.e., extent of coating) between stu-
dies as the relative amount of coating material is explicitly characterized in only a few of these studies.
However, some field studies have simultaneously characterized E.,s (or a closely related property, the
BC mass absorption coefficient, MACpc = bapsobs/[BC]) and the particle coating state, and we focus
on these studies here as they provide stronger process-level constraints on the relationship between par-
ticle composition and absorption.

One method to characterize particle coating state uses the soot particle aerosol mass spectrometer (SP-AMS).
The SP-AMS can measure the ensemble-average coating-to-core mass ratio (Reoat.rsc = [coating]/[BC]) of
BC-containing particles, as well as the composition-dependent size distribution of these internally mixed
particles (Massoli et al., 2015; Onasch et al., 2012). Recent developments have enabled determination of
particle-to-particle differences in coating amount and composition with the SP-AMS (Lee et al., 2015; Lee
et al., 2016; Willis et al., 2016). For reference, extended Mie theory predicts an approximately continuous
increase in E,ps With Reoarrpc UP to a plateau of E,ps ~ 2.5 when Reoar.rpc is greater than ~30, with substantial
enhancements, on the order of 1.5, predicted for Rgo,:.pc values as small as 3. (The exact relationship
between E,ps and R.oat.rpc depends on the core BC diameter and the wavelength.) Cappa et al. (2012) used
SP-AMS measurements to relate the magnitude of the absorption enhancement to the ensemble-average
Reoatrcs as well as to theoretical calculations based on these bulk average measurements. Their measure-
ments were made in summertime in the coastal region around California, USA, including well downwind
of a major BC source region with high photochemical activity, that is, Los Angeles, CA. They observed that
the ensemble-averaged absorption enhancement was negligible (E,,s < 1.1, on average, at 532 nm) even
when the ensemble-average coating amount was substantial (up to Reoatrgc ~ 12), and the observed E,pg
were much lower than that predicted from extended Mie theory based on the coating amount. Healy et al.
(2015) made measurements in downtown Toronto, Canada, and observed generally negligible E,s at
781 nm even while Rgoarpc ranged from approximately 2-10, including for a period identified as being
strongly impacted by wildfire emissions. McMeeking et al. (2014) made measurements of freshly
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produced particles from open biomass combustion and observed negligible enhancement at 781 nm until the
Rcoat-rBc Was greater than 10.

In contrast, Liu, Aiken, et al. (2015) made measurements in a rural city near London and observed reason-
ably large BC absorption enhancement (up to ~1.5 at 870 nm) when the R ..¢.rpc Values were only as large as
~5, and the observed E,,; were reasonably consistent with SP-AMS observationally constrained extended
Mie calculations. Peng et al. (2016) performed an experiment that combined laboratory with field measure-
ments, allowing for secondary material formation from ambient air (in Beijing, China, or Houston, TX, USA)
onto monodisperse proxy BC seeds. They observed that E,p,s at 405 and 532 nm generally increased as coat-
ings on the seed BC particles grew, although there was some evidence of an incubation period in which some
minimum amount of particle growth must occur before the E,; increases substantially. In a similar type of
experiment, Tasoglou et al. (2017) observed that when BC particles derived from combustion of pine and
birch were photochemically aged, the observed E,,s increased. Liu, Scheuer, et al. (2015) made ambient mea-
surements at a London urban site and used an alternative method to estimate the BC coating amount and
relate it to E,ps (or more specifically, the MACgc), namely, they inferred the BC coating thickness of single
particles based on measurements made using a single particle soot photometer (SP2). Liu, Scheuer, et al.
(2015) classified their observations into different regimes dependent upon the relative contribution of BC
from solid fuel combustion versus traffic; the coating thickness was larger for BC from solid fuel combustion
than from traffic. They observed a moderate increase in the MACgc at 781 nm as the average coating thick-
ness (and solid fuel fraction) increased; the MACpc increased by a factor of 1.28 when the total particle-to-
BC-only diameter ratio was ~2 (which corresponds to an R.oatrgc ~ 5). The observations discussed above are
summarized in Figure 1. Clearly, there is a great deal of variability between studies that aim to directly relate
observed E,ps values to the particle coating state, and additional measurements in a variety of environments
are needed.

In addition to BC, BrC can contribute substantially to regional and global radiative forcing. BrC is not one
easily classifiable substance as it depends on the specific chemical nature of the organic compounds present,
which in turn depends on the source and atmospheric transformations. As such, characterization of light
absorbing properties of BrC in a range of environments is necessary to understand the extent to which dif-
ferent sources and processes are important to determining the atmospheric impacts of BrC and to allow for
incorporation of BrC into climate models. One challenge in characterizing BrC properties is that the BrC
absorption must be separated from BC absorption, including any coating-enhancement effect. One method
to perform this separation is to extract the organic material into a solvent (e.g., water or methanol) and then
to characterize the absorptivity of the extract (Kirchstetter et al., 2004; Liu et al., 2013; Liu, Taylor, et al.,
2015; Zhang et al., 2013). This method has demonstrated that BrC absorption typically has a very strong
wavelength dependence, characterized by a large absorption Angstrom exponent (AAE), much greater than
unity. A large AAE indicates a very strong wavelength dependence to absorption. (The AAE is the power
exponent for the wavelength dependence of absorption, and an AAE of one [weak wavelength dependence]
is typically attributed to BC, while an AAE in excess of two is characteristic of BrC [strong wavelength
dependence].) Other methods have relied on attribution methods, typically either via optical closure
(Cappa et al., 2012; Lack, Richardson, et al., 2012; Liu, Scheuer, et al., 2015; Liu, Aiken, et al., 2015;
Zhang et al., 2016) or subtraction of inferred BC absorption (Lack & Langridge, 2013; Saleh et al., 2013;
Saleh et al., 2014) or some combination of the two methods. Estimates of the MAC for BrC (or of the related
imaginary refractive index, k) are variable, most likely as a result of a combination of real chemical differ-
ences (Lewis et al., 2008; Saleh et al., 2013; Saleh et al., 2014) and of imprecise understanding of which com-
ponents of the total organic matter are responsible for the absorption (Andreae & Gelencser, 2006). One
major global source of BrC is thought to be biomass combustion (Feng et al., 2013; Wang et al., 2014), as this
is a major source of organic matter and biomass combustion-derived particles tend to be light absorbing, at
least at shorter wavelengths (5600 nm). BrC properties from biomass combustion-produced particles can be
determined from laboratory studies involving intentional burns (Chakrabarty et al., 2010; McMeeking et al.,
2014; Saleh et al., 2013; Saleh et al., 2014) or from analysis of field observations (Clarke et al., 2007; Forrister
et al., 2015; Kirchstetter et al., 2004; Lack, Richardson, et al., 2012; Zhang et al., 2016).

In the current study, we report on measurements of light absorption by ambient particles made concurrent
with BC ensemble-average coating state (via SP-AMS) and ensemble-average total particle composition. We

CAPPA ET AL.

1552



Journal of Geophysical Research: Atmospheres 10.1029/2018JD029501

Ambient
3.0F Cappa (2012) - CA
' @ Healy (2015) - Toronto

A Liu (2015¢c) - London u
X Liu (2015a) - London =
@ this work - Fresno

| ¢ this work - Fontana

Source Sampling
B McMeeking (2014) - Biomass Burning
Lab or Ambient/Lab

v Peng (2016) - Houston
4 < Peng (2016) - Beijing
- Cappa (2012)

N
o

g
o

-
a
|

Absorption Enhancement

)

0.5 L
0.1 1 10

Rcoat-rBC

W=
Ny
(620
(e} 2]

Figure 1. Compilation of various absorption enhancement measurements from ambient studies (Cappa et al., 2012; Healy
et al., 2015; Liu, Scheuer, et al., 2015; Liu, Aiken, et al., 2015), including this work, from source sampling of biomass
burning particles (McMeeking et al., 2014), and from lab (Cappa et al., 2012) or combined ambient/lab measurements
(Peng et al., 2016). For all studies, the enhancements observed at the longest reported wavelength are used. For Liu,
Scheuer, et al. (2015), the reported overall coating thickness ratio was used to calculate an equivalent Ropat-rgc, and the
reported MAC values at 781 nm were converted to absorption enhancement values by dividing by the lowest observed value
4 m?/ g). For Peng et al. (2016), the reported change in coating thickness was used to calculate an equivalent ReoatrBcs
and the different symbols for the same location correspond to measurements made on different days. For the lab experi-
ments of Cappa et al. (2012), only the fit lines are shown, with different colors corresponding to experiments with
different size particles. The error bars correspond to either a propagated uncertainty (Peng et al., 2016) or a standard
deviation of the observations (all other studies).

use these measurements to assess the relationship between observed light absorption coefficients and the BC
mixing state along with the contribution from BrC. The measurements were made during two independent
campaigns, within distinctly different environments. One set of measurements was made in wintertime
Fresno, CA. Detailed analyses of the bulk particle composition and the BC-containing particle
composition measurements from this campaign are presented in Chen et al. (2018) and Collier et al.
(2018), respectively. Wintertime Fresno is strongly impacted by emissions from biomass combustion,
predominantly from residential fireplaces operating at night, and from secondary nitrate and organic
aerosol (OA; Ge et al., 2012; Young et al., 2016; Zhang et al., 2016). This gives rise to a very strong diurnal
variation in the ambient concentration of biomass-burning-derived OA compared to secondary
components and in the wavelength-specific absorption enhancement. In a previous study, conducted in a
different year, we used this diurnal variability to estimate the properties of BrC and the relationship
between source and E,,s (Zhang et al., 2016). However, this previous study lacked knowledge of the BC
mixing state and relative coating amount. The addition of particle coating measurements and mixing state
characterization here allows for a more robust assessment of the E,,s and BrC measurements in terms of
the primary controlling factors.

The second set of measurements was made in summertime Fontana, CA. Fontana is located inland in the
South Coast Air Basin that includes the megacity Los Angeles. Measurements of ensemble-average particle
composition are presented in Chen et al. (2018), and BC-containing particle composition and mixing state
are discussed in Lee et al. (2017). The South Coast Air Basin is a highly photochemically active
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environment in the summertime, with much of the particulate matter being secondary in origin (Docherty
et al., 2008; Hayes et al., 2013), especially material that is internally mixed with BC (Cappa et al., 2012; Lee
et al., 2017). Biomass burning contributions in this region are sporadic, depending on the occurrence of wild
fires. Thus, the Fontana site measurements provide a complementary assessment of the relationship
between absorption enhancement and BC mixing state and coating amount.

2. Methods
2.1. Campaign Overview

The measurements reported here were made from 25 December 2014 to 12 January 2015 in Fresno, CA, and
from 3 July 2015 to 25 July 2015 in Fontana, CA. The Fresno measurement site was located at the University
of California Center (36.810, —119.778). The average temperature and relative humidity (RH) were 13.5 °C
and 60% during daytime and 6.4 °C and 81% during nighttime. The Fontana site was managed by South
Coast Air Quality Management District and located behind the fire station at 14360 Arrow Highway
(34.100, —117.490). The temperatures ranged from 15 to 36 °C, and the average RH was 52%. Further details
regarding the meteorology during both campaigns are discussed in Chen et al. (2018). Figure S1 in the sup-
porting information shows a map of CA with the locations of the two sites. In both studies all instruments
were housed in a temperature-regulated modified shipping container (the van). Air was sampled into the
van from 8 m above the ground, through a mast that extended 5 m above the ~3-m-tall van. The mast had
a horizontal inlet nozzle that could rotate into the relative wind so as to maintain an approximately isoki-
netic flow and to minimize the loss of particles. The flow through the mast was 1 m>/min. Twenty-one
1.6-cm outer diameter stainless steel tubes extended into the mast, and air was sampled from the mast
through these tubes (not all were used). Air was sampled at 16.7 Ipm through a diffusion drier packed with
silica gel and then through a PM; cyclone. After the cyclone, the flow was split and 2.1 lpm was sampled
through a custom thermodenuder with air passing alternatively through a heated channel (T = 250 °C) or
a channel maintained at room temperature (i.e., the bypass) on a 5-min cycle. Part of both the heated and
bypass channels were lined with charcoal cloth to scavenge NO,. The airstream was then passed through
a second diffusion drier after which the flow was split into three approximately equal streams. Air from
one of these streams was sent to a single particle soot photometer (SP2, Droplet Measurement
Technologies) and to a scanning electrical mobility sizer (SEMS, Brechtel Manufacturing, Inc.). The second
stream went to the University of California (UC) Davis dual-wavelength cavity ringdown/photoacoustic
spectrometer (CRD-PAS) and a particle absorption eXtinctionometer (PAX, Droplet Measurement
Technologies). The third stream went to a SP-AMS (Aerodyne Research, Inc.) and a high-resolution aerosol
mass spectrometer (HR-AMS, Aerodyne Research Inc.). A schematic of the instrument configuration is pro-
vided in Figure S2. Instrument details are provided in the sections that follow.

2.2. Refractory Black Carbon Measurement

Refractory black carbon (rBC; Lack et al., 2014) concentrations and BC-specific particle size distributions
were measured using the SP2 instrument at both the Fresno and Fontana sites. While the operation of the
SP2 has been previously discussed for these studies (Betha et al., 2018), further details are provided here
and in Appendix A. The SP2 measures the concentration of rBC within individual rBC-containing particles.
Sampled particles pass through a 1,064-nm intracavity laser. Absorption of this light by rBC leads to rapid
heating of the particles. If heating outweighs conductive cooling, the particles will reach a sufficiently high
temperature (i.e., their boiling point) that they will incandesce. The intensity of this incandescent light is
proportional to the rBC mass of that particle (usually on the order of 0.1-10 fg per particle). Size distributions
of only the rBC (exclusive of any other internally mixed material) are generated by converting the per par-
ticle mass to a volume equivalent diameter (d;, vgp here, assuming pypc = 1.8 g/cm3) and binning the parti-
cles by size.

When the number concentration of rBC-containing or non-rBC-containing particles is large, the SP2 may
suffer from negative biases in the concentration measurement. This can happen when the SP2 detectors
are triggered by one particle and a second passes through the viewing volume during the detection window
(typically ~50 ps). Such particle coincidence effects can be minimized by decreasing the sample flow rate into
the SP2 to decrease the likelihood that two particles are simultaneously in the viewing volume. Here the SP2
was operated with a sample flow rate of only 60 cm®/min, or half of the typical value, to minimize the
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influence of particle coincidence. Inspection of individual particle detection events indicates that particle
coincidence was generally avoided by operating at this reduced flow rate.

The SP2 data were processed using the SP2 Toolkit from the Paul Scherer Institute, developed by Martin
Gysel. The SP2 was calibrated using size-selected fullerene particles (Lot L20W054, Alfa Aesar, Ward Hill,
MA, USA). The SP2 size-dependent counting efficiency was determined by simultaneously measuring the
concentration of the calibration particles with a condensation particle counter (TSI, model 3075). The par-
ticle counting efficiency was found to be unity for particles with d; ygp > 100 nm. The SP2 used in this study
measured particles over the size range 76 nm < d;, vgp < 822 nm. Below the lower size limit, the detection
efficiency falls off rapidly due, in part, to the large surface area-to-volume (SA-to-V) ratio of these particles.
When the SA-to-V ratio is sufficiently large conductive cooling competes effectively with the radiative heat-
ing from the laser and the particles do not emit enough incandescent light at short enough wavelengths to
trigger detection (Schwarz et al., 2010). Above the upper size limit, the incandescence level is sufficient to
saturate the detector, leading to an underestimate of particle mass. All SP2 mass concentration measure-
ments were corrected for the missing mass contained in particles below the lower and above the upper size
limit, using a multimode fitting approach (Appendix A).

2.3. Particle Optical Property Measurements

Particle optical properties for PM; were measured at 405 and 532 nm using the UC Davis CRD-PAS at both
the Fresno and Fontana sites. Light absorption coefficients (baps; units = Mm ™) for dry particles were deter-
mined at 405 and 532 nm using photoacoustic spectroscopy (Lack, Langridge, et al., 2012). Light extinction
coefficients (bexe; units = Mm™?) for dry (<20% RH) particles were measured at 405 and 532 nm via CRD
spectroscopy (Langridge et al., 2011). Humidified light extinction measurements (RH ~85%) were also mea-
sured at 532 nm by CRD spectroscopy. The absorption measurements from the PAS were calibrated relative
to the extinction measurement from the CRD using gas-phase O3 and NO, with an estimated accuracy of 5%
at 532 nm and 8% at 405 nm.

At the Fresno site optical properties were also measured at 870 nm using a photoacoustic eXtinctiometer
(PAX; DMT, Inc.). In the PAX, light absorption coefficients were measured by photoacoustic spectroscopy.
Light-scattering coefficients (bg,; units = Mm™") were determined for dry particles with the PAX using reci-
procal nephelometry. The absorption measured by the PAX was calibrated relative to the UC Davis PAS
using polydisperse fullerene soot and assuming that the AAE was 1.4 (Metcalf et al., 2013), with an estimated
uncertainty of 10%.

2.4. Particle Composition Measurements

2.4.1. Composition and Concentration of Nonrefractory Particulate Matter

The concentration of nonrefractory particulate matter (NR-PM) species in PM; were measured using a high-
resolution time-of-flight aerosol mass spectrometer (HR-ToF-AMS, henceforth HR-AMS; Canagaratna et al.,
2007) during both the Fresno and Fontana studies, as discussed in detail by Chen et al. (2018). The NR-PM
components are functionally defined as those materials that evaporate rapidly after impaction onto a heated
surface in vacuo at ~600 °C. The NR-PM components characterized include particulate sulfate, nitrate,
ammonium, chloride, and organic matter. The data were processed using the PIKA toolkit in IGOR
(Wavemetrics, Inc.). The OA composition data were further analyzed using positive matrix factorization
(PMF; Zhang, Jimenez, et al., 2011). Four OA factors were determined during the Fresno campaign, identi-
fied as biomass burning OA (BBOA), hydrocarbon-like OA (HOA), and two types of oxygenated OA identi-
fied as a very oxygenated OA (VOOA) type and a nitrate-associated OA (NOOA) type (Chen et al., 2018). For
Fontana, four OA factors were also determined and identified as hydrocarbon-like OA (HOA), cooking-
related OA (COA), and two oxygenated OA factors, referred to here as a more-oxidized very oxidized OA
(VOOA) and a less-oxidized, NOOA type (Chen et al., 2018). (The particular terminology used here for
the OA factors is discussed in Chen et al., 2018.)

2.4.2. Composition and Concentration of BC-Containing Particles

The concentrations and composition of only BC-containing particles were determined using a SP-AMS
(Onasch et al., 2012), for both the Fresno site (Collier et al., 2018) and the Fontana site (Lee et al., 2017).
In the SP-AMS, a focused particle beam is intersected with an intracavity Nd:YAG laser operating at
1,064 nm. Particles containing BC are rapidly heated by the laser, leading to evaporation of both the
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NR-PM materials and the refractory BC. In these studies, the standard HR-AMS tungsten vaporizer was
removed so that particles that do not contain BC are not vaporized and are therefore not detected. Thus,
the SP-AMS is specific to BC-containing particles, as operated here. In addition to BC, the SP-AMS
measures the internally mixed particulate inorganic (sulfate, nitrate, ammonium, and chloride) and
organic mass loading. The NR-PM species that are associated with BC will be distinguished from the
bulk average NR-PM species (from the HR-AMS) using the subscript BC (i.e., NR-PMpc). The SP-AMS
particle detection efficiency is determined in large part by the extent of overlap between the particle
and laser beam. Particles were sampled through a PM; aerodynamic lens, with particles measured down
to ~40-nm vacuum aerodynamic diameter. For the Fresno data set, the detection efficiency was
determined by referencing the BC concentration measured by the SP-AMS to that measured by the
SP2 (Collier et al., 2018). The SP-AMS/SP2 ratio was observed to depend on the ratio between the
NR-PMpc and BC, with the NR-PM/BC ratio increasing as the SP-AMS/SP2 ratio increases, similar to
previous observations (Willis et al., 2014). This is likely a result of the BC-containing particles becoming
more spherical as NR-PM coatings accumulate. This leads to greater collimation of the particle beam,
better overlap with the laser, and ultimately an increased detection efficiency. The dependence of the
detection efficiency on the NR-PM/BC ratio was empirically determined for the Fresno study and has
a functional form similar to that previously reported for laboratory studies (Willis et al., 2014). For
the Fontana data set, the SP-AMS collection efficiency was estimated based on measurements of the
particle beam width, and a single, average value was used (Lee et al., 2017). At the Fontana site, the
SP-AMS was operated alternating between ensemble mode (i.e., bulk composition) and event-trigger
mode (single-particle composition), and the observations were analyzed using PMF (Lee et al., 2017).
The coating-to-core mass ratio for both campaigns is calculated directly from the SP-AMS measurements
as Reoar-rsc = [NR-PM]pc/[BC].

2.5. Other Instrumentation

Number-weighted particle size distribution measurements for ambient and thermodenuded particles
were made using a SEMS (Brechtel Manufacturing, Inc.), operating over the mobility diameter size range
10-950 nm. The SEMS consisted of a differential mobility analyzer and a mixing condensation
particle counter.

2.6. Determination of Intensive Particle Properties

The light absorption coefficient and BC concentration measurements are used to determine the observed
mass absorption coefficient, referenced to BC, as

b
MACsc = [Ba—g; ¢))

The observed MACpc may include contributions to absorption from non-BC components (e.g., BrC),
whether internally or externally mixed, or from nonabsorbing coatings via the lensing effect. The observable
absorption enhancement can be determined from the MACpgc values by normalizing MACgc by a reference
value for pure, uncoated BC, with

MACzc

Epps = ————
5~ MAChc rer

2

The reference MACp ref can be established from the literature (Bond & Bergstrom, 2006) or from the obser-
vations by extrapolating MACgc to the limit of Reoaergc = O; the latter approach is taken here (discussed
further in section 3.3), although both methods give similar results for the current campaigns. The absorption
enhancement can also be determined from simultaneous or sequential measurements of b,,s for ambient
particles and thermodenuded particles (Cappa et al., 2012; Healy et al., 2015; Liu, Aiken, et al., 2015).
As noted above, sequential b,,s measurements of ambient and thermodenuded particles were made on a
5-min cycle. In the current study, we focus on E,s as determined from equation (2) above. The E,p,s from
equation (2) (i.e., from the MAC-method) are compared to E,,s determined from the thermodenuder-method
in Appendix B.
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The wavelength dependence of the absorption coefficient is characterized by the AAE as

AAE = —log (bab—sb) / log G—) ; 3)
2

babs,Az

where 1, and 4, indicate two different measurement wavelengths. The wavelength dependence of the ima-
ginary refractive index, k, can alternatively be characterized by the parameter w, where

w = —log (:—2) /log (:11—;) 4)

The AAE and w can be determined from wavelength pairs or from fitting multiwavelength data.

3. Results and Discussion

3.1. General Overview

Chen et al. (2018) provide a broad overview of the campaigns, and Lee et al. (2017) and Collier et al. (2018)
provide details on the SP-AMS measurements specifically. Here we highlight a few details from each cam-
paign that are relevant to the current study. Time series of light extinction and light absorption for the
two campaigns are shown in Figure 2 for reference.

The wintertime Fresno campaign is separated into two distinct time periods based on the local meteorology. In
particular, after about 6 January, 2015, the morning was impacted by a persistent, relatively thick fog that
would slowly dissipate as the day progressed. Prior to this date, the atmosphere is classified as being
substantially less foggy. The heavy fog period will be referred to as high fog and the less foggy period as low
fog. The low-fog period was colder and drier than the high-fog period (T4yg = 7.6 °C and RHyyg = 80.7% versus
Tag = 12.0 °C and RH,,; = 83.5%). The diurnal variability and average particle composition and
concentrations were distinct between the low-fog and high-fog periods (Chen et al., 2018), and a clear increase
in extinction was observed in the high-fog period; the average bey; 532nm during the low-fog period was 73 Mm*
and 226 Mm ™" during the high-fog period. The average BC coating amount was also larger during the high-fog
period than the low-fog period, with Repatrpc (low fog) = 2.1 + 0.8 versus Reoarrsc (high fog) = 2.8 + 04
(Collier et al., 2018). The diurnal variation in R.pa¢rsc Was more pronounced during the low-fog period than
the high-fog period, with the daytime values being slightly elevated over nighttime values (Collier et al.,
2018). The daytime R oa¢rc Values during the low- and high-fog periods were similar. Thus, much of this
increase was attributable to a substantial increase in the particulate NO3 ™~ during the high-fog period, although
the OA was also larger during the high-fog period (Chen et al., 2018). Of particular relevance to the current
study, the fraction of organics classified as BBOA was larger during the low-fog period, while the NOOA
contribution increased substantially during the high-fog period. There was substantially greater diurnal
variability in the absorption and extinction during the low-fog period than during the high-fog period.

The Fontana campaign was characterized by generally high temperatures (T, = 23.6 °C; range 14.9 to
35.9 °C) and relatively low RH (RH,ygz = 55%), with strong diurnal variability in both (Chen et al., 2018).
Early in the campaign, the atmosphere was strongly impacted by fireworks associated with the 4 July
(U.S. Independence Day) activities; the impact of the 4 July activities persisted through 8 July. This
fireworks-impacted period is separated for analysis from the remaining nonfireworks days. The average
Dext,532nm = 30 Mm ™" for the nonfireworks impacted period. The diurnal profile of NR-PM has two peaks,
one at 10:00 and another at 17:00 (local times; Chen et al., 2018). The mean R qa¢.rsc Was much larger than
in Fresno, with Reoat.rBc,avg = 5.2, and the diurnal variation in Regar.rpc is large, with a single maximum at
16:00 (Lee et al., 2017).

3.2. BC Concentrations and Size Distribution

The average mass-weighted BC-only size distributions, determined from multimodal fitting of the observed
SP2 measurements for each campaign, are shown in Figure 2. For each campaign, the BC-only size distribu-
tions exhibit multimodal character. For example, Fresno exhibited dominant mode maxima between dj, viep
~ 45-60 nm and at 115-160 nm (Figure 3), consistent with previous measurements in this region (Zhang
et al., 2016). Figure 3 shows mass-weighted size distributions determined from multimodal fitting of the
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Figure 2. Time series of particle light extinction (left axes, color) or absorption (right axes, black) for (a-c) Fresno and
(d-e) Fontana at (a and d) 405 nm, (b and €) 532 nm, and (c) 870 nm.

observed size distributions. Details of the fitting procedure used to determine the mass-weighted BC size
distribution over the entire size range and the associated uncertainties are discussed in Appendix A.

Fresno: The multimode fits indicate that on average 3173°% of the BC mass is outside of the detection range
of the SP2 used here, with a larger amount of missing mass during daytime than at nighttime. The relative
contribution of the larger mode is greater at night, with the smaller mode more pronounced during the day.
The greater contribution of particles with larger volume equivalent BC core diameters during nighttime
reflects an increased concentration of biomass-combustion derived BC particles, as biomass-burning-
derived BC particles have larger diameters than fossil fuel-derived particles (in particular, those from vehi-
cular emissions; Kondo et al., 2011). Consideration of the diurnal variability of the BC concentrations in each
of the four fit modes (Appendix A) demonstrates that the smallest two modes (at 57 and 118 nm) exhibit a
sharp increase starting at 06:00 (Figure 3b), reflecting substantial BC emissions during the morning rush
hour coupled with the still relatively low boundary layer height. The larger two modes (at 182 and
420 nm) increase primarily at night, when residential wood combustion is largest and the nocturnal bound-
ary layer is shallow. The BC concentration in the two small modes also increases at night, primarily a reflec-
tion of the decreased boundary layer height relative to daytime along with continued emissions, although
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Figure 3. (a and c) Observed mass-weighted black carbon (BC)-specific size distributions (solid lines) and multi-mode fits
(dashed lines) for (a) Fresno and (c) Fontana. The blue lines are for all periods, the orange for daytime, and the black
for nighttime. (b and d) The diurnal variation in the BC mass concentration of each of the four modes fit to the mass-
weighted distributions. The mode diameter increases with the mode number. Mode diameters are reported in section 3.2.
(e) The diurnal variability in the estimated BC missing-mass fraction, calculated from the difference between the fit
distributions and observed distributions, for Fresno (green) and Fontana (gray).

their fractional contribution is decreased. However, the peak concentration in these modes occurs ~1 hr
earlier in the night than of the larger two modes, reflecting the different sources. The campaign-average
fractional contribution of the vehicle-related modes (the two smallest) was 0.51039, meaning half the BC
came from vehicles and half from biomass burning, with the limitation that the modes may not be purely
reflective of one source or the other (i.e., there may be some small particles contributed by biomass
combustion and some larger particles from vehicles). These observations demonstrate that there are two
distinct sources of BC in the wintertime Fresno atmosphere, one from motor vehicles (likely, diesel

vehicles) and one from biomass combustion.

Fontana: For Fontana, the BC-only mass-weighted size distributions also had multiple modes. However, at
this site the smallest two modes (at 47 and 116 nm) contributed the majority of the BC mass, with their
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campaign-average fractional contribution being 0.7871%. This indicates that vehicle emissions dominate the
BC burden in the region. The small contribution from the two larger modes (at 182 and 420 nm) could indi-
cate some contribution from regional biomass burning. Alternatively, these larger particles could result from
near-source coagulation and could also be contributed by motor vehicle emissions. The contribution from
the larger modes was enhanced from the night of 4 July through the following night, indicating that fire-
works (from the 4 July celebrations) produced BC having larger diameters. Overall, 537%2% of the BC mass
was contained in particles outside of the SP2 detection range, with minimal diurnal variability (and most of
the variability in the campaign-average resulting from the enhanced large particle contribution on 4 July).

3.3. Variability in MACgc and E,,s

3.3.1. Determination of Reference BC Mass Absorption Coefficients

The total observed absorption, and the associated MACgc, results from a combination of absorption by BC,
including mixing-induced enhancements, and absorption by BrC. The diurnal variation in the observed
MACsgc values for both campaigns and histograms of MACgc are shown in Figure 4. For Fresno, the
MACk distribution at 405 nm is quite broad and exhibits a clear increase at night and again during the
day, with minima at 09:00 and 17:00 (local time). The MACgc values at 532 and 870 nm exhibit similar,
but much less pronounced, diurnal variability, and the spread of the MACg distributions decreases substan-
tially with wavelength. The diurnal variability of MACgc attributable to mixing-induced enhancements
alone should exhibit a negligible wavelength dependence. Thus, the observed wavelength-dependent beha-
vior indicates that diurnal-varying BrC contributes substantially to the observed MACgc. In Fresno, the
diurnal variability differed substantially between the low-fog and high-fog periods at 405 nm in particular,
but also at 532 nm. During the low-fog period, the daytime MACgc increase was suppressed, while during
the high-fog period, it was enhanced (relative to the campaign average).

In Fontana, the MACgc values at 405 and 532 nm, excluding the fireworks-impacted period, increased dur-
ing the early morning and stayed elevated through the afternoon (Figure 4). But, the overall day-night dif-
ference was much smaller compared to that observed in Fresno, and the MACgp( distributions were also
narrower than in Fresno. (When periods impacted by fireworks are included, the MACgc in the early morn-
ing [~06:00] is increased because the MACg during the fireworks-impacted period was particularly large at
this time.)

The observed MACgc values can be converted to equivalent absorption enhancement values by dividing by a
reference MAC for pure, uncoated BC (referred to here as MACgc rer). While values of the MACgc ref are
reported in the literature, quantitative comparison to the ambient observations can be challenged by the
uncertainty in the BC concentration measurement, in particular. This is especially the case here, given the
large, time-varying missing mass correction required. Thus, a wavelength-specific reference MACgc rer for
uncoated BC has been determined for each campaign from the observations. Estimation of campaign-specific
MACHgC rerin this manner allows for more robust determination of E,ps than if the literature values were used,
accounting for any campaign-specific sampling biases. However, this method does not account for potential
changes in the MACpc rf that result from changes in morphology that can result from coating of materials
onto BC.

Ideally, the reference MACgc ot can be determined by extrapolating the observed MACgc measured for
either ambient particles or particles passed through the thermodenuder to the limit of no coating material
(i-e., as Reoat.rec =2 0). For Fresno this method is complicated by two factors: (i) the cooccurrence of BrC that
is likely externally mixed from the BC and (ii) the potential charring of the NOOA (see Appendix B). There
is, however, a reasonable relationship between R.qa..rsc and both the overall [OA]/[rBC] and [NR-PM,]/
[rBC] ratios (Figure S3). Thus, it is reasonable to extrapolate the observed ambient particle MACgc to the
limit of [OA]/[rBC] = 0, as this reflects a condition where there is concurrently little coating material and
little externally mixed absorbing OA. The Fresno observations at all three wavelengths are consistent with
a sigmoidal relationship between MACgc and [OA]/[rBC] for Fresno (Figure S4). The resulting campaign-
specific MACpc rer values for Fresno are 4.4 + 0.2 m?*/g (870 nm), 7.5 + 0.5 m*/g (532 nm), and
10.7 + 0.6 mz/g (405 nm), where the reported uncertainties correspond to the 99% confidence interval from
the fit. The distributions of observed MACpc values are compared to the derived MACgc r¢ values in Figure
S5. For Fontana, this method of estimation is complicated by the particles sampled during the fireworks
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Figure 4. Observed diurnal variation in the black carbon (BC) mass absorption coefficients (MACgc) in (a) wintertime
Fresno and (b) summertime Fontana. For both campaigns the solid lines are the all-campaign averages. For Fresno,

the dashed line is for the low-fog period and the dot-dashed is for the high-fog period. For Fontana, the dashed line
excludes the period impacted by fireworks (i.e., around the 4 July) and the dot-dashed line is for the fireworks-impacted
period. Histograms of the observed MACp values for (c) Fresno and (d) Fontana.

period, which were particularly nonvolatile and, likely, subject to charring. Therefore, only observations of
MACsgc and Rgoat-rpc Outside of the fireworks-impacted period are used to determine the MACpc rf (Figure
S6). The campaign-specific values for Fontana are 7.2 + 0.1 mz/g (532 nm) and 9.6 + 0.2 mz/g (405 nm)
where the reported uncertainties correspond to the 99% confidence interval from the fit. The distributions
of observed MACg values are compared to the derived MACg rf values in Figure S7. The absolute uncer-
tainty on these MACgc rr Values is large given the relatively large uncertainty on the SP2 measurements,
and the fit-based uncertainties for the Fontana measurements are smaller than is reasonable. We suggest
that a reasonable precision-limited uncertainty on the MACpg rf values for both campaigns is 10%. It is note-
worthy that the derived campaign-specific MACpc ref values are in reasonable agreement with laboratory
measurements (Cross et al., 2010; Forestieri et al., 2018) and literature assessments (Bond & Bergstrom,
2006). They are, however, substantially smaller than recently determined from filter-based measurements
made across Europe for ambient particles, where the MAC at 637 nm was reported as 10.0 mz/g, which
would correspond to an MAC at 532 nm of 12 m?/g assuming an AAE = 1.
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Figure 5. The dependence of the absorption enhancement (E,ps) on the black carbon (BC) coating-to-core mass ratio
(Reoat-rBe) for 405 nm (blue, top), 532 nm (green, middle), and 870 nm (red, bottom). Results are shown separately for
(left) Fresno and (right) Fontana. The points are the individual 10-min averages, colored according to wavelength. The box
and whisker plots show the mean (Jll), median (—), lower and upper quartile (boxes), and 9th and 91st percentiles
(whisker). For Fontana, the gray points indicate the fireworks-impacted period, which are not included in the box and
whisker plots.

3.3.2. Absorption Enhancement: Observations

The E,ps values derived from the MACgc observations are shown as a function of the BC coating amount
(Rcoat-rae) in Figure 5. In Fresno, the E,p,s values at 405 and 532 nm are notably greater than unity for all
Reoatree (from 1 to 4). The mean values are 1.37 + 0.22 (405 nm), 1.22 + 0.15 (532 nm), and 1.10 + 0.13
(870 nm). In contrast, the E,; in Fontana are very close to one when Rgoa¢ rgc iS in this same range, with
Eaps = 1.10 + 0.27 (405 nm) and 1.07 + 0.22 (532 nm), excluding the fireworks-impacted period. There is,
however, a small, increase in E,ps With Reoat-rsc in Fontana. E,ps values binned by Reoat rac are also shown
in Figure 1 for Fresno (at 781 nm) and Fontana (at 532 nm) with the literature observations.

The differences in the dependence of E,;,s on Reo,:rsc between Fresno and Fontana result primarily from dif-
ferences in the contribution of BrC to the total absorption between the two locations. Chen et al. (2018) deter-
mined four general types of OA based on PMF analysis of the HR-AMS data for both sites. In Fresno, there isa
substantial contribution of BrC from biomass burning that enhances the E,ps above unity even at low Rcgay-
sc- The fractional contribution from the biomass-burning associated factor (BBOA) is largest when Rioa¢ B
is smallest (Figure 6). Consistent with this, the fractional contribution of the C;H40,* ion (an AMS marker
for biomass burning) in the BC coating material is higher when Rcq,¢ ,sc is smallest (Collier et al., 2018). This
suggests that absorption by BBOA, whether internally or externally mixed from BC, contributes importantly
to the E,ps > 1 at 1ow Regape for Fresno. The fractional contribution of the NOOA increases as ReoatrBc
increases. This suggests that the NOOA might be somewhat absorbing and contributes to the E,,s > 1 at lar-
ger Reoat.rBe, especially at 405 nm. For Fontana, four OA factors were also identified. There, the OA mass is
dominated by the VOOA factor, and the fractional contribution of VOOA increases with R.q,¢..sc (Figure 6).
Some of the increase in Eyps With Reoat g for Fontana might therefore result from photochemical production
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Figure 6. The variation of the fractional contribution of all nonrefractory particulate matter species (both internally and
externally mixed with black carbon [BC]) versus R¢gat.rBc for (a) Fresno and (b) Fontana. The variation in only the
organic aerosol factors with Rgat-rgc for (c) Fresno and (d) Fontana.

of coatings on BC. Further discussion of absorption by OA follows below. Regardless of the exact reason for
the increase in E,ps With R.oac.rc at Fontana, comparison with the theoretical calculations in Cappa et al.
(2012) or Liu, Aiken, et al. (2015) demonstrates that the magnitude of the E,ps observed in Fontana is
much lower than might be expected from simple application of core-shell Mie theory.

3.3.3. Absorption Enhancement: Interpretation

The small E,, values in Fontana at both 405 and 532 nm, even at high R, rc (~10), are consistent with the
observations of Cappa et al. (2012), who similarly observed small E,,s values (<1.1) at high Reoat-rc. A large
fraction of the Cappa et al. (2012) measurements were made in the coastal waters around Los Angeles, CA,
while the Fontana measurements here were made in the inland greater LA area. In contrast, Liu, Aiken, et
al. (2015), using similar methods, observed mean E,,s values at 781 nm of ~1.5 at moderate R.pa¢.rc (~4)
in a somewhat rural area located near London, UK. The assumption for the core-shell Mie theory calculations
in those studies was that the coating material is equally distributed across the particle population. Under this
assumption, there is an expectation that the ensemble-average E,ps from mixing effects (i.e., lensing) should
increase with the ensemble-average R...: rac, just as it does for individual particles (Bond et al., 2006; Fuller
et al., 1999). It is evident that the observed dependence of E,p,s on R.oat.rgc does not consistently follow this
model and certainly does not for the CA observations. This likely results from there being different popula-
tions of BC-containing particles having varying coating amounts, with some particles having thick coatings
and others having thin coatings as indicated from PMF analysis of the Fontana SP-AMS observations (Lee
et al., 2017). Fierce et al. (2016) argue from a model perspective that accounting for particle diversity and
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Figure 7.Comparison between the observed (green) and calculated jpcreased with Reoarrsc While the BC-rich and, to a lesser extent, the

(orange) E,pgs Versus Reoat-rBe relationship for 532 nm at Fontana. The
solid orange line is the mean calculated value, multiplied by 0.65. The points
are the individual 10-min averages; the gray points show the fireworks-

HOA-rich factor contributions decreased (cf. Figure 4 in Lee et al., 2017).
The OOA-2 factor contributed a large proportion of the overall coating

impacted period. The box and whisker plots show the mean (Hl), median material mass but contained little of the BC. Assuming core-shell
(-), lower and upper quartile (boxes), and 9th and 91st percentiles (whisker) ~ morphologies for each factor, the factor-specific E,ps can be calculated

for the nonfireworks-impacted data.

from Mie theory. The calculated factor-specific E,ps are 1.45 (BC-rich),

2.05 (HOA-rich), 1.99 (OOA-1), and 2.43 (OOA-2) at 532 nm, assuming a
core BC diameter of 120 nm (one of the mode diameters for Fontana) and accounting for density differences
between BC and the coating material. The ensemble-average E,ps can be calculated using a linear combina-
tion of these four factors with the fraction types from Lee et al. (2017). The calculated ensemble-average E g
is greater than the observed E,p at all Reoae e (Figure 7). This is not surprising given that the smallest factor-
specific E,ps (for the BC-rich type) was larger than the observed ensemble-average even at large Reoat.rBc

However, the dependence of the observed and calculated ensemble-average E,ps and Rqoat.rpc are similar if
the calculated ensemble-average E,, is multiplied by 0.65 (Figure 7). This, perhaps, indicates that changes
in the fractional contribution of the different BC-containing particle factors with R.oat.rpc are responsible
for the slow increase in E s With Roat-1sc, but that the calculated E, s based on the average properties of each
BC-containing factor are nonetheless overestimated when core-shell Mie theory is used. This could indicate
additional particle-to-particle (or size-dependent) diversity in the coating amount even within each identified
factor (Fierce et al., 2016) or could result from particles having non-core-shell morphologies that limit the
extent of the absorption enhancement (Adachi et al., 2010; Scarnato et al., 2013). Regarding the role of
particle-to-particle diversity, Fierce et al. (2016) calculated that the absorption enhancement for their particle
resolved ensemble was 1.3 whereas had they assumed uniform coating across the population the absorption
enhancement was 2.3. Regarding the potential for non-core-shell morphologies to explain the results,
Scarnato et al. (2013) calculate using a discrete dipole approximation model MAC values for BC having no
coating, BC being only partially immersed in a coating, and for BC being completely immersed. The MAC
values they calculated for partially immersed BC are negligibly different than that for the bare BC, whereas
the MAC for the completely immersed BC is a factor of 1.5-1.7 times larger, with the range indicating slight
differences between lacy BC and compact BC aggregates. Both studies are thus consistent both qualitatively
and quantitatively with the empirical scaling factor determined here. Most likely, both phenomena contri-
bute. The inability of even the factor-specific core-shell E, calculations to reproduce the observations sug-
gests that the core-shell approach may not be wholly appropriate for use in climate models, especially when
they do not account for particle population diversity.

Regardless, the question persists as to the reason why the E,ps-Reoatrc relationship seemingly differs
between the urban and near-urban CA atmosphere and the UK atmosphere. We hypothesize that this
difference is linked to the sources and age of the air masses sampled. In Liu, Aiken, et al. (2015) the
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largest R.oat-rac Values were observed to have particularly large BC core diameters, suggesting a biomass-
burning source. However, these same particles also had the largest fraction of oxygenated OA, suggestive
of photochemical or even cloud processing, and back trajectory analysis indicated that when R qat.rc Was
large the sampled air masses tended to come from the European continent, while air masses tended to come
from within the UK when R.qa¢.rc Was small. It may be that longer-range transport serves to decrease the
differences in coating amounts between the different BC-containing particle types observed in nearer-source
regions and periods (Lee et al., 2015; Lee et al., 2017) and thus increases the consistency between simple
core-shell calculations and observations of ensemble-average absorption. However, in Toronto, Canada,
Healy et al. (2015) did not observe an increase in E,ps for periods identified as being impacted by transbound-
ary (i.e., long-range) pollution, even though the R, rgc Was ~3.5 during this period. It is possible that their
observations were confounded by inputs from local BC sources that served to maintain the particle-to-
particle diversity (with respect to coating amount) and limit the overall observed E,ys. The results presented
here indicate that measurements in remote locations that are reasonably free from local inputs (whether
anthropogenic, such as from vehicles, or from fresh biomass burning) would be helpful in understanding
the extent to which E,ps changes as a result of atmospheric processing. However, such measurements will
be challenged by the low signals and BC concentrations that are typically observed in remote regions. It is
suggested that a minimum of 1 month of measurements will be required to build sufficient statistics in
low-concentration locations.

3.4. BrC Absorption

3.4.1. Methodology

To assess the contribution of BrC to the total observed absorption requires removal of the contribution from
the mixing-induced enhancement, that is, the lensing effect. Here we take two approaches. In the first, an
upper limit for the contribution of BrC to total absorption is determined by assuming that the mixing-
induced enhancement is unity. In the second, we estimate the R ..t gc-dependent magnitude of the
mixing-induced enhancement for each site based on the longest wavelength measurement available
(870 nm for Fresno and 532 nm for Fontana), assuming that BrC contributes negligibly at this wavelength.
For Fontana this assumption is questionable since some BrC is known to absorb at 532 nm. However, in the
absence of longer wavelength measurements this assumption allows us to place a lower bound on the
absorption by BrC. The absorption from BrC is then calculated as the difference between the observed
absorption and the estimated absorption by coated BC (i.e., inclusive of the mixing-induced enhancement).
More specifically,

babs,BrC = babs,obs_babs,BCAcoated = babs.,obs_MACBC‘ref'Eabs,mixing (RcoatfrBC)'[rBC] (5)

where b,ps Brcs Dabs,obss A1d baps BC coated are the absorption by BrC, the observed absorption, and the esti-
mated absorption for coated BC particles, respectively. The MACg( e Values are those determined above.
For the first (upper limit) approach, Eaps mixing = 1. For the second approach the Ejpg mixing Values are a func-
tion of Reoatrsc and estimated from the longest-wavelength measurements. Note that equation (5) provides
for internal consistency because the MACgc ref values are determined directly from the observations and are
not from the literature; that is, they are campaign-appropriate and account for uncertainties in [BC]. Also,
the use of the observationally derived MACpc rf decreases the sensitivity of the derived b,ps prc to uncer-
tainty in the [rBC] because an overestimate in [rBC] would be associated with a corresponding underesti-
mate in the MACgc ref-

As discussed above, the observed Eaps-Reoatrpe relationship does not follow core-shell Mie theory predic-
tions. Thus, there is no a priori functional form that can be assumed to relate the ensemble average E,ps
to Reoat.rae for the second method. We therefore adopt the approach of assuming that the E,p,s from mixing
increases linearly with R.oa¢.rpc, @ functional form that is generally consistent with the longest-wavelength
observations at each site (870 nm at Fresno and 532 nm at Fontana in Figure 5). However, for the 870-nm
measurements in Fresno the observed E,ps actually decreases slightly as the Rat.pc increases from 1 to
~2.5. We hypothesize that this is indicative of some small absorption by BBOA at 870 nm because the con-
centration of BBOA decreases as R¢qa¢rpc increases (discussed later) and is relatively small above Rgoa.rc
~2.5. Therefore, for Fresno, the relationship between E,ps (from mixing effects) and R.oa¢.rpc is determined
from fitting the binned observations only for R.pat.rsc > 2.5. Thus, for Fresno it is assumed that there is no
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Table 1

The Determined Mass Absorption Coefficients, Imaginary Refractive Indices, Absorption Angstrom Exponents, and Wavelength Dependencies for the BBOA and NOOA
Factors Determined for Fresno

Lensing corrected® Upper limit®
Wavelength (nm) BBOA NOOA R? BBOA NOOA R?
405 MAC 0.84 (0.3) 0.52(0.18) 0.78 0.84 (0.3) 0.59 (0.2) 0.73
k 0.024 (0.01) 0.012 (0.07) 0.024 (0.01) 0.015 (0.08)
532 MAC 045 (0.23) 0.14 (0.07) 0.71 045 (0.23) 0.21 (0.1) 0.69
k 0.018 (0.01) 0.005 (0.003) 0.018 (0.01) 0.0077 (0.005)
870 MAC 0.085 (0.05) 0.044° 0.24 0.093 (0.05) 0.092° 0.35
k 0.0068 (0.005) 0.007° 0.0075 (0.005) 0.014°
405-532 AAE 2.28 481 2.28 3.79
w 1.20 3.67 1.20 2.76
405-870 AAE 2.99 2.88 =
w 1.76 1.76 =
532-870 AAE 3.39 321 =
w 2.07 2.07 =

Note. The estimated uncertainties are reported in parentheses.
%The influence of internal mixing (i.e., lensing) on absorption by black carbon (BC) was removed based on the observed dependence of MACg(870) nm on
ReoatrBc-  Potential influence from internal mixing (i.e., lensing). “Uncertainty on this value makes it indistinguishable from 0.

BrC absorption at 870 nm when R.q,¢.rpc > 2.5, but that there may be some BrC absorption at lower Reoat.rpc-
For Fontana, the E,ps-Reoarrpe relationship is determined from fitting the 532-nm observations over all
Reoat-rBc because 870-nm measurements are not available. Thus, for Fontana it is inherently assumed that
BrC absorption at 532 nm does not result directly in the increase in E,ps With Rcoatrc. Unless otherwise
specified, results reported below refer to the b,ps 5rc determined from the second method, but results from
both methods are reported in Table 1.

3.4.2. Fresno BrC

3.4.21. Observations

For Fresno, absorption by BrC is unambiguous at 405 and 532 nm, with large b, grc values obtained both at
night and during the day. For 870 nm, the situation is less clear although there appears to be some absorption
by BrC. Comparison of the diurnal profiles of b,y grc and the various OA factors (as well as the inorganic
species and BC) qualitatively suggests that BBOA and NOOA are somewhat absorbing (Figure 8). A multi-
linear regression of baps prc against the OA factors confirms that BBOA and NOOA are, indeed, the major
absorbing OA types, with regression coefficients (i.e., slopes) of 0.84 and 0.52 m?/ g, respectively, and a total
#* = 0.78. The observed and reconstructed absorption are shown in Figure S8. These correspond to the indi-
vidual mass absorption coefficients for BBOA and NOOA at 405 nm. Similar multilinear fits for the 532 nm
babs Brc Yield regression coefficients corresponding to MACggoa = 0.45 m?/g and MACnooa = 0.14 m*/g
(combined ¥* = 0.71) and for the 870 nm bapsprc yield MACgposn = 0.085 mz/g and
MACno0a = 0.044 m?/ g (combined r* = 0.24). There was no evidence for appreciable light absorption by
the two other OA factors, HOA and VOOA. (Although BBOA and HOA have similar diurnal profiles, there
is actually only a moderate correlation between the two, with r* = 0.43. Thus, they are separable in the multi-
linear fit.) The appropriateness of the multilinear regression and the conclusion that BBOA and NOOA are
both BrC (i.e., are absorbing) is visually demonstrated when (i) baps prc is plotted against [BBOA] during per-
iods when the NOOA fractional contribution is small (Figure 9a) or (ii) bps prc is plotted versus [NOOA]
when the BBOA fractional contribution is small (Figure 9b). Visual inspection of graphs of HOA and
VOOA versus b,ps grc (not shown) also confirms that neither of these factors are BrC. The OA-factor specific
MAC values are shown as a function of wavelength in Figure 10. For the upper limit (no mixing-induced
enhancement) approach the derived OA factor-specific MAC values are only slightly larger than those
reported above when the mixing-induced enhancement is accounted for NOOA and are the same for
BBOA. This indicates a general robustness of the results (Table 1).

The small 7* from the multilinear regression for 870 nm is expected given that when subtracting the mixing-
induced enhancement it was assumed that the OA was nonabsorbing at 870 nm. However, the BBOA is
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Figure 8. Diurnal variation in the (top panels) inorganic species, (middle panels) brown carbon (BC), and the various organic aerosol factors, and (bottom panels)
the absorption attributed to brown carbon, for (left) Fresno and (right) Fontana.

largest when the R.oa¢.rpc is smallest (where the mixing-induced enhancement is smallest), and thus, there is
reason to think that the MAC for BBOA is substantially more reliable than the MAC for NOOA at 870 nm
and that the NOOA values at 870 nm might be discounted entirely. This has been tested by performing
the multilinear fit for only the low-fog period, when the NOOA concentration was relatively small and
the Reoatrsc Wwas typically <2.5 (the threshold identified above). The retrieved 870 nm
MACggoa = 0.088 m?/ g for the low-fog period, similar to that obtained for the entire data set, and the e

was larger (7 = 0.36).

The uncertainty in these estimates comes from uncertainty in the measurement of [BC], baps obss [BBOA],
[NOOA], and the accounting for the mixing-induced enhancement. Since an internally consistent
MACgc ref is used (meaning that this was determined from the observations using the byps obs and [BC])
uncertainty in this value does not contribute substantially to the total uncertainty and it also leads to a sub-
stantially reduced sensitivity to uncertainty in [BC]. Assuming 30% uncertainty in the BBOA and NOOA
concentrations, 10% in the b,ps obs, and 10% in the mixing-induced enhancement, the estimated absolute
average uncertainty is 35% at 405 nm and 50% at 532 nm. At 870 nm the uncertainty is more difficult to esti-
mate given the initial assumption that BrC is nonabsorbing. It is likely at least as large as the uncertainty at
532 nm, and 50% uncertainty is assumed in Figure 10 for MACggoa at 870 nm and 100% for MACnooa-

For BBOA at Fresno, the AAE values depend somewhat on the specific wavelength pair considered, with
AAEgRB0A 405-532nm < AAEBBOA 405-870nm < AAEs35.870nm (Table 1), and a fit to the three wavelengths giving
AAEgpoa = 3.04. The wgppoa = 1.20 for the 405-532 nm pair but is 1.79 from the fit over all three wave-
lengths. For NOOA at Fresno, there are only reliable results at two wavelengths (405 and 532 nm) available,
with AAENooa = 4.81 and w = 3.67 using these wavelength pairs. The NOOA exhibits a steeper wavelength
dependence than the BBOA.

3.4.2.2. Interpretation and Comparison With Literature

The MACggoa values determined here are slightly larger than the average determined by Zhang et al. (2016)
for measurements made in wintertime Fresno in 2013, 2 years earlier than the current study (0.6 m?/ gin that
study for the total BBOA compared to 0.84 m>/g here, both at 405 nm). Some of this difference is likely attri-
butable to different analysis methods. Zhang et al. (2016) relied on Mie theory to extract the absorption by
BrC, whereas the current approach is more directly observational. Thus, we suggest that Zhang et al.
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(a)

babs,BrC (405 nm)

(2016) likely underestimated the absorptivity of BBOA. In contrast to the
current study, two BBOA factors were retrieved in 2013. Two OOA factors
were also obtained, identified as a semivolatile OA (SV-OOA) and a low-
volatility OA (LV-OOA; Young et al., 2016). However, Zhang et al. (2016)
did not note any evidence for absorption by these other, non-BBOA fac-
tors. Thus, the finding that the NOOA is absorbing is new to this study.
Reanalysis of the Zhang et al. (2016) data via multilinear regression using
the upper limit approach (since there were no measurements of R.oatrBC
available to allow estimation of the mixing-induced enhancement) indi-
cates that one of the non-BBOA factors, the SV-OOA factor in that study,
was likely somewhat absorbing, in addition to the BBOA factors.
Consistent with Zhang et al. (2016), the multilinear regression indicates
that one of their BBOA factors was more absorbing than the other, with
MACggoa1 = 0.79 mz/g and MACggoaz = 1.22 mz/g at 405 nm. The

15 20 25 derived MACggoa1 is quite similar to that obtained for the single BBOA

-3 i g
[BBOA] (ug m”) factor from the current measurements. Their SV-OOA factor was much

less absorbing than NOOA, with MACgy.ooa = 0.14 mz/g at 405 nm.
] ] ] ] Most likely, the difference between the current study and Zhang et al.

babs,BrC (405 nm)

(2016) results from differences in environmental conditions, although
we cannot rule out the possibility that there are differences in how the
PMF analysis is splitting out the factors. In the current study, early morn-
ing fog was experienced during much of the study, especially in the latter
half when NOOA concentrations were elevated. The ambient conditions
were much colder and drier in Zhang et al. (2016), with little to no fog
observed. This difference in behavior between these two studies strongly
implicates fog, or at least wet aerosols, in the production of the light-
absorbing chromophores that make NOOA BrC.

Given the preponderance of BBOA in the Fresno atmosphere it is tempt-
ing to implicate aqueous phase processing of biomass burning emissions
as the source of absorbing NOOA (and SV-OOA). Gilardoni et al. (2016)

suggested such a pathway as a major source of absorbing SOA in the Po
8 10 12 14 Valley, Italy. However, the mass spectrum of NOOA (Chen et al., 2018)

[NOOA] (ng m'3) lacks a substantial peak at m/z = 29 that Gilardoni et al. (2016) indicated

was a key signature of SOA produced from aqueous processing of biomass

Figure 9. The relationship between absorption attributed to brown carbon  burning emissions. (The m/z = 29 peak is slightly larger for the SV-OOA
at 405 nm and (a) the biomass burning organic aerosol (BBOA) factor and  from 2013; Young et al., 2016, but still much smaller than in Gilardoni

(b) the nitrate-associated organic aerosol (NOOA) factor for Fresno. In both
panels the points are colored when the fraction of the factor was >20% and

et al., 2016.) Additionally, the NOOA factor is strongly correlated with

are white when the fraction of that factor was small. The black lines are particulate NO;™ ('2 = 0.76), and the diurnal profile of particulate nitrate,

linear fits, shown for reference.

especially during the high-fog period, is strongly suggestive of substantial
production of nitrate via nocturnal processing within the residual layer
(Prabhakar et al., 2017). Since most biomass burning emissions (from residential wood combustion) occur
at night there is little that ends up in the residual layer, the composition of which is determined primarily
by what is in the atmosphere just prior to sunset. Thus, our results do not support aqueous oxidation of bio-
mass burning emissions as the predominant source of absorbing NOOA (and by extension, SV-OOA).
Instead, we hypothesize that the absorptivity of NOOA here is a result of nitrate radical-related oxidation
of organic compounds to produce organic nitrates that occurs in the residual layer at night; these organic
nitrates may undergo further aqueous-phase processing that could contribute to BrC formation. While the
exact production mechanism of the secondary BrC cannot be pinpointed, it seems likely that there is some
role for aqueous phase processing coupled with nitrate-radical chemistry.
3.4.3. Fontana BrC
3.4.3.1. Observations
For Fontana, it is much less clear whether any of the OA factors are absorbing in nature at the wavelengths
considered. The diurnal profiles of the derived b,y grc at 405 and 532 nm, excluding the fireworks impacted
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period, indicate a peak in byps prc around 08:00 (local time; Figure 8). The
babs,Brc at 405 nm remains elevated throughout the afternoon, while the
babs,prc at 532 nm falls to 0. Given that the Ryoatrpc for this campaign
shows a clear peak in the midafternoon (Lee et al., 2017), and since it
has been assumed that all of the increase in the MACgc (and E,ps) With
Reoatrc at 532 nm results from mixing-induced enhancements, it is to
be expected that the bu,s grc at 532 nm is close to zero in the afternoon.
The slightly elevated b,ps prc at 405 nm in the afternoon could indicate
that some photochemical production of BrC occurs, although it could be
a limitation of the assumption that E,,s from mixing is wavelength inde-
pendent. The afternoon organic composition is dominated by VOOA. A
linear fit between b,y prc at 405 nm and VOOA has a slope of 0.04 mz/g,

T
400

T
500

T
600

Wavelength (nm)

700 800 900 although with a very low * < 0.01, suggesting that VOOA is effectively

nonabsorbing. This is further supported by considering that the b,ps prc
falls to near O at night, while the VOOA concentration, which peaks in

Figure 10. Variation of the organic aerosol (OA) factor-specific mass the afternoon, is still elevated. Even if the upper limit approach is taken,

absorption coefficient (MAC) values for biomass burning OA (BBOA; such that all increases in E,,s are assumed to result from BrC with no con-
brown circles) and nitrate-associated OA (NOOA,; pink squares) with tribution from a mixing-induced enhancement, the correlation between

wavelength for Fresno. The lines are power law fits.

baps,rc and VOOA remains low (+* = 0.07). Thus, it seems reasonable to
conclude that VOOA is primarily non-absorbing.

Considering the morning peak, comparison with the diurnal profiles of the OA factors (and the inorganic
species and BC) provides some evidence that this peak in BrC absorption at Fontana is due to either
NOOA or HOA. However, a multilinear fit against these species results in a very small combined #* value
(<0.16 for 405 nm, depending on what combination of OA factors is considered together). Further, the con-
centrations of NOOA and HOA are only slightly smaller at night than they are during the day, and thus, the
lack of BrC absorption at night is inconsistent with these OA factors being absorbing. It may be that the time-
dependent missing mass correction for [BC] did not sufficiently capture the diurnal variability in the correc-
tion to a level of precision required to assess the very small absorption over BC. Consequently, the observed
noticeable, but ultimately small morning increase in by rc may simply be an analysis artifact. Regardless,
the overall measurements suggest that the OA in Fontana is very weakly, if at all, absorbing, and thus, the
contribution to the total absorption is small; the estimated fractional contribution of BrC to total absorption,
excluding the fireworks-impacted period, is 0.03 at 405 nm and even smaller at 532 nm. Even at the peak by
src the BrC fractional contribution is only 10% of the total absorption.

3.4.3.2. Interpretation and Comparison With Literature

The observations for Fontana differ from previous measurements of absorption by water soluble organic car-
bon (WSOC) made in 2010 in both Pasadena, CA, and Riverside, CA, which are located in the same air basin
as Fontana (Zhang, Lin, et al., 2011; Zhang et al., 2013). Zhang, Lin, et al. (2011) found that both baps wsoc
and [WSOC] peaked in midafternoon and that they were correlated with a slope of ~0.73 m?/g at 365 nm (for
the Pasadena site). The measured absorption increased when samples were extracted from filters into metha-
nol rather than water, and substantial absorption persisted to >600 nm for the methanol extracts (Zhang
et al., 2013). If the VOOA here (which peaks in the afternoon) were as absorbing as the WSOC in the
Zhang et al. studies, then the total absorption observed in Fontana should have been much larger and with
a very different diurnal profile. Given the close proximity of Fontana and Riverside (20 km), it is difficult to
reconcile the current observations, which suggest minimal absorption by the photochemically produced OA
(specifically, VOOA), with the observations of Zhang et al. (2013) and Zhang, Lin, et al. (2011). A key
difference between the measurement methods is that the current measurements were made in situ on dried
particles, whereas the Zhang et al. measurements were made after extraction of particles into either water or
methanol. It is possible that either the process of drying (here) or wetting (in Zhang et al., 2013; Zhang, Lin,
et al., 2011) led to changes in the OA absorptivity. Some laboratory results indicate that drying can lead to
rapid browning of OA (Nguyen et al., 2012). However, if this impacted the current measurements, then we
would expect the OA to have appeared more absorbing than the extracted samples. In addition, the ambient
RH was generally quite low, and thus, drying should have had minimal impact on particle water. It might be
that extraction into water allowed reactions to occur that otherwise would not in the dry atmosphere.
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3.4.4. BrC Refractive Indices

The determined MAC values can be used to calculate the imaginary refractive index via Mie theory for the
absorbing OA types identified here. We limit this analysis to only the BBOA and NOOA factors identified in
Fresno. In brief, the absorption coefficient is calculated using spherical particle Mie theory for a given size
distribution and assumed imaginary refractive index (k) for the total particle. The theoretical MAC for a par-
ticle distribution can be calculated by dividing the calculated b,ps by the mass concentration of the distribu-
tion. Here BBOA- and NOOA-specific particle size distributions are used as input to the Mie model. There is
a relationship between MAC and particle size for a given k. Thus, it is important to use a representative size
distribution when inverting MAC values to k values. Factor-specific size distributions were determined as
follows. Average number-weighted size distributions are determined from the SEMS over the period when
the BBOA fraction was large (>0.15) and for when the NOOA fraction was large (>0.1). These distributions
are then scaled by multiplying by the average BBOA or NOOA fraction during the appropriate period to pro-
duce BBOA- and NOOA-specific distributions. The factor-specific distributions are used as input to the Mie
model. The density of the particles in the distribution is assumed size-independent and estimated from
Kuwata et al. (2012) based on the AMS-measured O:C and H:C ratios (Chen et al., 2018). The assumed k
is varied until the calculated MAC matches the observed component-specific MAC, resulting in the
component-specific k (i.e., kggoa Or knooa)- As the real refractive index (n) of the BrC components is not
known a priori, a value of n = 1.5 is used. This is similar to that found for laboratory-generated secondary
OA and to ammonium sulfate and ammonium nitrate. The likely uncertainty on the estimated n is +0.05,
which translates to an additional uncertainty on the estimated k of about 5%, as determined from sensitivity
tests. The resulting derived kgpoa are 0.024 + 0.01 (405 nm), 0.018 + 0.01 (532 nm), and 0.0068 + 0.005
(870 nm). The knooa are 0.012 + 0.007 (405 nm) and 0.005 + 0.003 (532 nm; see also Table 1). The uncer-
tainties were estimated based on the uncertainty in the MACg,c values and the uncertainty in the assumed
n. The comparable k values under the upper limit assumption are also provided in Table 1. The wavelength
dependence of the kggoa and knooa are calculated from equation (4). The wgpoa = 1.20 for the 405-532 nm
pair but is 1.65 from the fit over all three wavelengths. For NOOA at Fresno, there are only reliable results at
two wavelengths (405 and 532 nm) available, giving w = 3.67. As already indicated by the wavelength depen-
dence of the OA-type MAC values, the NOOA exhibits a steeper wavelength dependence than the BBOA.

4. Conclusions and Implications

The observations for two field campaigns in distinctly different urban environments (wintertime Fresno,
CA, versus summertime Fontana, CA) here demonstrate that the magnitude of the mixing-induced
absorption enhancement for BC (i.e., the lensing effect) is small for the ensemble-average absorption.
Additionally, the absorption enhancement shows limited dependence on the ensemble-average
coating-to-BC core ratio. These observations, considered with others (Cappa et al., 2012; Healy et al.,,
2015; Liu, Aiken, et al., 2015; McMeeking et al., 2014), demonstrate that spherical core-shell Mie theory
calculations will not reliably give good agreement with observations when ensemble-average properties
are considered, which is what is done in most climate models. This is the case because most models
that consider internal mixing of BC assume that all components are internally mixed and do not
account for only a small fraction of the NR-PM material being internally mixed with BC. For these
two studies, only around 10-20% of NR-PM is internally mixed with BC. Thus, the amount of coating
material is likely to be overestimated by models, and the mixing-induced absorption enhancement
would be overestimated to an even greater extent. Instead, it is suggested that accounting for BC
mixing-state diversity (i.e., differences in the composition between BC-containing particles, beyond
whether a particle simply contains BC or not), such as has been done by Fierce et al. (2016), will be
necessary to allow for accurate simulation of absorption by BC. While an empirical relationship between
the mixing-induced E,ps for BC and R.pat.pc could be determined from the current observations, such a
relationship is unlikely to be robust or generalizable, given differences observed around the world
(Cappa et al., 2012; Healy et al., 2015; Liu, Aiken, et al., 2015; McMeeking et al., 2014).

For the Fresno observations, two types of BrC were identified and characterized: BBOA and NOOA. The
BBOA, derived from residential wood combustion, was highly absorbing at 405 nm (MACggoa = 0.84 mz/g)
and the absorptivity persisted out to 870 nm (MACggoa = 0.085 m> /g). The NOOA was less absorbing,
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with MACnooa = 0.52 mz/g at 405 nm and absorption that was indistinguishable from zero at 870 nm. The
NOOA was associated with the occurrence of heavy, early-morning fog and with an increased prevalence of
particulate nitrate. The NOOA likely results from nitrate radical oxidation, coupled with aqueous processing.
In the Fresno wintertime environment, the BBOA contribution (and associated absorption) was limited pri-
marily to the nighttime, when surface emissions were high and the nocturnal boundary layer was low.
Consequently, the local and regional radiative impacts of BBOA from residential wood combustion (and
the co-emitted BC) are likely small because these are highly diluted into the daytime mixed boundary layer.
In contrast, the NOOA concentration (and associated absorption) is greatest during the day. Thus, the NOOA
may impact local and regional radiative forcing by increasing the daytime absorption of solar radiation. Also,
since it seems likely that the NOOA is formed to a large extent by nocturnal chemical processing in the resi-
dual layer, the NOOA might exist above the ground-level fogs and could contribute to stabilization of the
atmosphere and to fog persistence. In contrast to Fresno, there was little evidence of a notable contribution
from BrC in summertime Fontana.

Appendix A: rBC Size Distribution Processing

The campaign-average mass-weighted BC size distributions derived from the SP2 for Fresno and Fontana
are shown in Figure 3, along with the average size distribution for nighttime hours (19:00-07:00) and day-
time hours (07:00-19:00). For Fresno, the observed campaign average distribution mode peak is around
150 nm. The size distribution mode is somewhat larger than this at nighttime, around 160 nm, and smaller
during the daytime, around 130 nm. The size distribution can be seen to continuously shift from being domi-
nated by the larger mode to being dominated by a smaller mode with time of day, as previously reported by
Zhang et al. (2016) for this region. In addition, the observed size distributions all show evidence of an
increase in concentration at diameters less than 100 nm. This upturn in concentration is especially apparent
in the daytime size distributions, although is evident at all times of day. This strongly suggests that there is an
additional mode that is located at a size below the SP2 detection window (>80 nm). Although the presence of
such a mode is not commonly noted in the literature, Liggio et al. (2012) reported measurements that also
suggested a substantial small diameter mode, as did Zhang et al. (2016). Because these small-mode particles
are below the SP2 detection window, the SP2 BC concentration measurements will be biased low. In addi-
tion, the concentration of particles at the upper limit of the SP2 (here, ~800 nm) is greater than 0, indicating
that particles at even larger sizes are contributing to the actual BC mass concentration. Accounting for such
missing mass (i.e., mass contributed by particles outside the detection window) is important if the actual BC
concentration is to be reasonably determined.

For Fontana, the mass-weighted size distribution mode occurs at a smaller diameter than in Fresno.
Also, while there is still substantial diurnal variability in the BC concentration, the shape of the size
distribution is quite constant throughout the day. As noted already, this difference between Fresno
and Fontana is likely because in Fresno there are two major BC sources (vehicles and biomass burning),
while in Fontana one source dominates (vehicles). As with Fresno, there is clear evidence of an increase
in BC concentrations at diameters less than 100 nm, again suggesting the presence of a small mode that
contributes substantially to the overall BC mass but that was not detected by the SP2.

One approach that has been taken to correct for the missing mass is to fit the campaign average size
distribution with a lognormal distribution, and then to use this fit to extrapolate to larger and smaller
sizes to estimate the fractional amount of missing mass (e.g., Schwarz et al., 2006). A constant scaling
factor is then applied to the data set. However, such an approach is not appropriate here, since it is
clear that at least for Fresno, the distribution shape is changing with time of day. This suggests, instead,
that a temporally varying correction is required. Therefore, the approach taken here is to perform fits on
10-min average size distributions to determine a time-dependent missing mass correction. Also, instead
of fitting the observations with a single lognormal distribution, the observations have been fit using the
sum of four individual lognormal modes. Robust results were not obtained when fewer than four modes
were used for either data set, although the use of 4 (rather than 3 or 2) was more important for Fresno
than for Fontana.

Given that one of the modes peaks at a diameter below the measurement range, neither the exact posi-
tion nor width of this mode is well constrained. To introduce consistency in the measurement method,
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IZ::}\; o?iele Diameter, Width, and Average Mass Fraction Characterizing the Four Lognormal Modes Fit to the Observed Black Carbon Mass-Weighted Size Distributions
Note Fresno Fontana

Mode dp,vED (nm) Og Average mass fraction dp vED (Nm) Og Average mass fraction
Mode 1 57 1.47 0.37:?:(1)1 47 1.63 0.52f8;é§

Mode 2 118 1.43 0.23f8_‘8§ 116 1.43 0.26f8_‘8§

Mode 3 182 1.53 0.21f8_'8§ 182 1.53 0.12f8_'8§

Mode 4 420 2.83 0.19f8_‘8§ 420 2.83 0.10f8_‘8§

the exact position and width of each mode are set as a constant for each campaign. As the positions of
these modes are not known a priori, the following approach is taken to determine an optimal value to
use for each of the mode diameters. First, initial fits are performed wherein the position and width of
each mode are constrained to fall within a range, but allowed to vary within this range. The ranges
considered were as follows: Mode 1, 30 nm < dpvgp < 70 nm and 1.2 < o, < 1.9; Mode 2, 90 < d,
vep < 140 nm and 1.2 < gz < 1.9; Mode 3, 150 < d,ygp < 250 nm and 1.3 < oz < 1.9; and, Mode
4, 350 < dpvep < 500 nm and 1.6 < oz < 3. The average mode diameter and o, are then
determined for each of the four modes based on initial fits to the campaign average size
distributions. These are then used as constants in subsequent fitting to determine the time-dependent
mode amplitudes. The optimal values used in the final, constrained fitting (where both the mode
diameter, dn,, and o, are held constant) for both campaigns are given in Table Al, along with the
fractional contribution to the total mass of each mode. An attempt was made to maintain the mode
positions and widths as campaign-independent constants, but it was determined that slight shifts in
the position and width of the first two modes was necessary for optimal fitting.

Each of the 10-min average mass-weighted size distributions was fit with the constrained four-mode lognor-
mal distribution, where the amplitude (i.e., concentration) of each peak is allowed to vary but the diameter
and width are held constant. The results from this fitting are shown in Figure 3, where the fit results are com-
pared with the observed size distributions and the diurnal variation in the mode-specific BC concentration is
shown for each campaign.

The mode diameter and o, for Mode 1 are particularly uncertain, as this mode occurs below the lower size
detection limit of the SP2. The average and standard deviation of the d}, vgp and o for Mode 1 for Fresno, for
example, are 57 + 10 nm and 1.47 + 0.14 (10). Uncertainty in the mode position and width for Mode 1 con-
tributes to uncertainty in the absolute rBC mass attributed to this mode. In general, if the dj; yq is smaller the
[rBC] for this mode increases, and vice versa. Larger changes in the Mode 1 [rBC] result from a decrease in
dp,vea than from an increase. If the o, for Mode 1 is smaller, then the [rBC] and fractional abundance of
Mode 1 is decreased slightly, and vice versa, although to a lesser extent than for changes in the mode dia-
meter. However, uncertainty in the position and width lead to negligible changes in the diel variability that
was determined for each mode. Thus, the qualitative conclusions are not impacted by uncertainty in the
small-mode position or width.

The extent to which uncertainty in dp, y.q and o, contribute to uncertainty in the overall [rBC] is quantified
here by refitting the campaign average rBC size distribution from Fresno using d, yeq = 47 nm and 67 nm or
sg = 1.33 and 1.61. We note that in all of these cases the ) of the fit is larger—and the fit curve is visibly less
good (Figure S9)—compared to when the campaign average dpycq and o, are used, indicating that these
alternate cases give lower quality fits. If d,, ygp = 47 nm, rather than 57 nm, the Mode 1 [rBC] increases
by 65% and if dj, yeq = 67 nm the Mode 1 [rBC] decreases by 25%. These changes are associated in changes
in the abundance of rBC in the other modes. In general, for a decrease in dj,yeq for Mode 1 the Mode 2
[rBC] increases slightly (by ~20%), the Mode 3 [rBC] decreases slightly (by ~5%), and the Mode 4 [rBC] is
largely unaffected. The overall change in the [rBC] is an increase by 24% if d;, veq = 47 nm and a decrease
by 10% if dp yeq = 67 nm.

CAPPA ET AL.

1572



'AND SPACE SCiENCE

Journal of Geophysical Research: Atmospheres 10.1029/2018JD029501

A decrease in oy to 1.33 for Mode 1 increases the Mode 1 [rBC] by 9%, while an increase to 1.61 decreases the
Mode 1 [rBC] by 18%. The associated changes in [rBC] of the other modes for a decrease in o, to 1.33 are
+30% (Mode 2), —8% (Mode 3), and +4% (Mode 4), and for an increase in s, to 1.61 are —37% (Mode 2),
+3% (Mode 3), and —1% (Mode 4). In contrast to change in the Mode 1 dj, veq, changes in o, do not lead to
notable changes in the total [rBC] across modes, with [rBC] changing by only 2% for either an increase or
decrease in the g,

An increase in the [rBC] would correspond to a decrease in the calculated MACpc rf Values by an equivalent
amount, and vice versa. For example, if the [rBC] were 24% higher (the case if dj, yeq = 47 nm) the MACpgc rer
values would decrease to 3.3 m2/g (870 nm), 5.7 mz/g (532nm), and 8.1 m2/g (405 nm). However, it is impor-
tant to note that this would have limited impact on the derived absorption for BrC. This is because the BrC
absorption is calculated as the difference between the observed absorption and the calculated BC absorption,
with the latter being determined as the product of the MACgc e and [rBC] (see equation (5)). Thus, an
increase in the [rBC] would be offset by a corresponding decrease in the MACpc ref and the BrC absorption
is not affected.

Appendix B: Comparison Between MAC-Based and Thermodenuder-Based
Results for Absorption Enhancement
The absorption enhancement from the thermodenuder (TD) method is calculated as

2’NIACBC,Lamb
MACsgc i—1,tp0 + MACge 141.1D

(6)

E abs,TD —

where the subscript amb and TD refer to the ambient or thermodenuded measurements, respectively, and
the t — 1 and ¢ + 1 refer to the (5-min average) measurements made just before and after the measurement
made at time ¢. The use of MACgc, as opposed to b,ps, corrects for transmission losses of BC through the TD.
The E,ps tp values can be compared to the E s values determined from the MAC method (equation (2)) that
were used in the primary analysis above, referred to now as E,ps mac. Ideally, the Eyps tp and Eaps mac Values
would give equivalent results. However, potential biases in either can impact their comparability and ulti-
mately any conclusions regarding the actual magnitude of the absorption enhancement. For the MAC-
derived E,ps, biases in the estimated MACgc rf Would cause the absolute value of E,ps mac to be either
too high or low. Given the need for the missing-mass correction for [BC], uncertainties or temporal or
coating-dependent biases in this correction would potentially lead to an inaccurate assessment of the diurnal
variability or the dependence of E,ps mac On properties such as Repaerpc. For the TD-derived Egp,g, incom-
plete evaporation of coatings could lead to a low bias in the measured E,ps. Inaccurate correction for trans-
mission losses could lead to biases in the absolute E,psp or in the temporal variation. And there is a
potential for charring of organics to occur in the TD, leading to the production of (non-ambient) BrC, that
would decrease E,ps Tp-

The diurnal variability in E,ps tp and Eaps mac are shown for both Fresno and Fontana in Figure B1. For
Fresno, there is generally good agreement between the two methods in terms of the absolute values
obtained, thus providing confidence in the overall conclusions. However, it is apparent that there is a more
pronounced daytime bump in E,ps mac than there is in Eq,g Tp, in particular at 405 and 532 nm. If the low-
fog and high-fog periods are considered separately (not shown), it becomes evident that the disagreement
between the two methods is predominately limited to the high-fog period, especially at 405 and 532 nm, thus
implicating the NOOA as a source of the difference. We hypothesize that the difference between methods for
Fresno results from charring of the BrC from NOOA. Charring of NOOA and formation of absorbing
material would lead to a suppression in the daytime E,,s tp. However, the good agreement between methods
during the low-fog period suggests that BBOA is not especially susceptible to charring and also that the
missing-mass correction reasonably accounted for the diurnal variation in [BC]. Regardless, whether the
EapsMmac O EansTp is considered, it is apparent that the magnitude of E,,s at long wavelengths (here,
870 nm), where BrC contributions are relatively small, remains small throughout the campaign, supporting
the conclusion that the mixing-induced enhancement is small.
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Figure B1. Campaign average diurnal variation in E,pg as calculated from the mass absorption coefficient (MAC)-method
(solid lines) and the thermodenuder (TD)-method (dashed lines). Fresno results are on the left, Fontana on the right for
(top-to-bottom) 405, 532, and 870 nm.

For Fontana, there is a more distinct difference between the two methods. While the diurnal variation in
Eaps,mac shows a clear daytime maximum for both 405 and 532 nm, the E,us 1p is flat throughout the day
and centered at 1 (indicating no enhancement; Figure B1). Correspondingly, the E,ps tp shows negligible
dependence on Rigat-rpc, While the Eaps mac increased to a small extent with Reoarrpc (Figure 5). Thus, it
could be that residual coating material when Rgoat,pc is high has biased the Eu,s tp low. The ratio of the
thermodenuded to ambient SP-AMS measurements can give an indication of the mass fraction of coating
(MFR_,a¢) that remains after heating. The average MFR,,,, for Fontana was 0.14. There was a distinct diur-
nal variation in MFR,, With the residual coating actually being smallest in the daytime when the Roa¢rBc
and E,ps mac both peak. This observation indicates that evaporation of coating material was most efficient
when the relative coating amount was greatest and thus suggests that residual coating material is not primar-
ily responsible for the difference between methods. It is possible that charring of VOOA led to suppression of
the E,ps 7p. However, the MFR for the total OA was only 0.06 with a negligible diurnal dependence, indicat-
ing that very little OA remained after heating. Thus, charring does not seem likely to be the primary reason
for the difference between methods. Notably, the BC missing-mass fraction exhibits a diurnal variation that
is similar to the observed E,us mac dependence (Figure 3 versus Figure B1). It is possible that the missing
mass correction underestimated the amount of BC during the daytime, thus leading to an overestimate of
the E,ps mac and introducing an apparent dependence on Reoat.rgc SinCe Reoat-rac pPeaks during the daytime.
If true, this would imply an even smaller-to-negligible dependence of E,ps 0n Repat.rpc. Ultimately, the spe-
cific reason for the E,ps mac and E,ps tp measurements cannot be discerned from the Fontana observations.
However, both methods indicate that the E,p in this region is small and that the dependence on R.oat.rac iS
very weak, and thus, the general conclusions reached are independent of which method is used. Based on
the above discussion, it is strongly recommended that future experiments to measure E,ps in ambient employ
multiple methods.
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